In congenital heart disease with left-or right-sided obstruction, prostaglandin E (PGE) 1 or PGE 2 is infused to maintain ductus arteriosus (DA) patency. We hypothesized that transfection of the DA with PGE synthase would lead to a greater production of PGE 2 in situ and, hence, patency of the DA. The cDNA for human prostaglandin synthase was sequenced and ligated into a eukaryotic expression vector. The negative control was created by ligating the cDNA encoding the bacterial protein chloramphenicol acetyltransferase into the same plasmid. Transfection (600 g DNA) was achieved in lambs within the first 24 h of life using the hemagglutinating virus of Japan (HVJ)-liposome transfection method with a custom-made, basketweave-perforated catheter. Echocardiography was performed to assess DA patency until the time of sacrifice. To confirm expression of the transgene, PGE 2 concentration was measured in organ culture of the DA by immunoassay and by Western immunoblotting of homogenized DA tissue. Patency of the DA was demonstrated by color Doppler in all the lambs (7/7) in which the PGE synthase was delivered, whereas functional closure was seen in the control group (6/6). The PGE 2 concentration in the culture medium of the explanted DA in the treatment group was 3-fold higher than that of the control groups. Western immunoblotting confirmed the presence of PGE synthase in the treatment group. Gene transfer of PGE synthase to the DA is feasible and will maintain patency for at least 1 wk. In congenital heart disease with left-or right-sided obstruction, PGE 1 (alprostadil) or PGE 2 (dinoprostone) is infused to maintain patency of the DA. Although the DA produces endogenous PGE 2 (1), the dilatory capacity of this compound decreases with time due to the accelerated production of the vasoconstrictor ET-1 (2) in response to oxygen (3) and the reduced expression of PGE 2 receptor(s) (4,5). However, prolonged PGE infusion is problematic as a result of tachyphylaxis and major side effects, including respiratory depression, which may require mechanical ventilation, systemic hypotension, bradycardia, irritability, fever, lethargy, gastric-outlet obstruction, and hyperostosis (6 -10).
In congenital heart disease with left-or right-sided obstruction, prostaglandin E (PGE) 1 or PGE 2 is infused to maintain ductus arteriosus (DA) patency. We hypothesized that transfection of the DA with PGE synthase would lead to a greater production of PGE 2 in situ and, hence, patency of the DA. The cDNA for human prostaglandin synthase was sequenced and ligated into a eukaryotic expression vector. The negative control was created by ligating the cDNA encoding the bacterial protein chloramphenicol acetyltransferase into the same plasmid. Transfection (600 g DNA) was achieved in lambs within the first 24 h of life using the hemagglutinating virus of Japan (HVJ)-liposome transfection method with a custom-made, basketweave-perforated catheter. Echocardiography was performed to assess DA patency until the time of sacrifice. To confirm expression of the transgene, PGE 2 concentration was measured in organ culture of the DA by immunoassay and by Western immunoblotting of homogenized DA tissue. Patency of the DA was demonstrated by color Doppler in all the lambs (7/7) in which the PGE synthase was delivered, whereas functional closure was seen in the control group (6/6). The PGE 2 concentration in the culture medium of the explanted DA in the treatment group was 3-fold higher than that of the control groups. Western immunoblotting confirmed the presence of PGE synthase in the treatment group. Gene transfer of PGE synthase to the DA is feasible and will maintain patency for at least In congenital heart disease with left-or right-sided obstruction, PGE 1 (alprostadil) or PGE 2 (dinoprostone) is infused to maintain patency of the DA. Although the DA produces endogenous PGE 2 (1), the dilatory capacity of this compound decreases with time due to the accelerated production of the vasoconstrictor ET-1 (2) in response to oxygen (3) and the reduced expression of PGE 2 receptor(s) (4, 5) . However, prolonged PGE infusion is problematic as a result of tachyphylaxis and major side effects, including respiratory depression, which may require mechanical ventilation, systemic hypotension, bradycardia, irritability, fever, lethargy, gastric-outlet obstruction, and hyperostosis (6 -10) .
This study was carried out to determine that local expression of PGE 2 could be achieved through percutaneous gene transfer (11) of PGE synthase (EC5.3.99.3) (12) . Using a custom-made catheter positioned in the DA, enzyme expression was sufficient to prevent closure of the DA. Local administration of the plasmid was achieved using liposomes conjugated to the HVJ, as previously described. We confirmed patency of the DA and selective expression of PGE 2 in DA tissues harvested at 7 d after birth.
METHODS
Cloning of PGE synthase cDNA and preparation of the vector construct. The cDNA for PGE synthase (12) was not available and, therefore, cloning of the full-length cDNA was undertaken. Total RNA was isolated from human fetal aortic smooth muscle cells using RNeasy Mini kit (QIAGEN, Mississauga, ON, Canada). Following the instructions of the manufacturer, cells were harvested and centrifuged at 300 ϫ g for 5 min, then disrupted using a buffer with ␤-mercaptoethanol. Homogenization was achieved by passing the lysate five times through a 20-G needle fitted to a syringe; 70% ethanol was added and the mixture was centrifuged at 8500 ϫ g. After washing and elution, the RNA was collected in RNase-free water, followed by reverse transcription with SuperScriptII reverse transcriptase and 0.5 g Oligo(dT) (3, 5, (13) (14) (15) (16) (17) primer in accordance with the manufacturer's instructions (Invitrogen, Burlington, ON, Canada). PGE-synthase cDNA was amplified using a forward 22SC (5'-TGCCCACAGCCTGGTGATGA-3') and a reverse 23SC primer (5'-AGCTGGCAGACACTTCCATTTA-3'). PCR was carried out under the following conditions: 94°C for 4 min followed by 35 cycles of denaturation at 94°C (1 min), annealing at 68°C (1 min), and extension at 72°C (1 min). An additional primer extension step was performed at 72°C for 1 min. The PCR product was gel purified and additional 5' and 3' nucleotide sequences were added by PCR using a forward H3 (5'-GAATTCGGCACGAGGGAGAT-GCCT-3') and a reverse K1 primer (5'-GAGGTGCTGGGCCCAGCTGGCA-GACACTTCC-3'). Primers H3 and K1 contained nine nucleotides at the 5' end with the recognition sequences for HindIII and KpnI, respectively, to facilitate later cloning into the pcDNA3 vector. The PCR conditions were the same as described above, except that annealing was performed at 64°C. The PCR product was then ligated into the pGEM-T vector (Promega, Madison, WI), sequenced, and subcloned into the pcDNA3 plasmid (Invitrogen, Carlsbad, CA) at HindIII/KpnI restriction sites. As a control, pcDNA3 carrying the bacterial CAT gene ligated into the HindIII/KpnI site was used. Large-scale plasmid DNA preparations were performed using EndoFree Plasmid Maxi Kit (QIAGEN). Glyercol stocks were also prepared and stored frozen at Ϫ70°C for later use.
Transfection of aortic smooth muscle cells to verify gene expression. Human fetal aortic smooth muscle cells were grown from explants in Medium 199 (Wisent Inc., St. Bruno, QC, Canada) containing 10% fetal bovine serum and 1% antibiotics/antimycotics at 37°C, 5% CO 2 in a humidified tissue culture incubator as previously described. At confluence, cells at passage 2 were used for the transient transfection experiments. This was achieved using SuperFect reagent (QIAGEN). Briefly, 2.5 g of plasmid DNA PGE 2 synthase or the CAT control were dissolved in a total volume of 150 L of Medium 199 (Wisent Inc.) containing no serum, proteins, or antibiotics. Then, 12.5 L of SuperFect reagent were added to the DNA solution and 500 L of growth media containing serum and antibiotics were added to the smooth muscle cells cultured in six-well plates. To determine whether PGE 2 was effectively generated after transfection with the PGE synthase containing plasmid, the supernatant was harvested 24 h after transfection. The concentration of PGE 2 was measured using a commercial immunoassay (R & D Systems, Minneapolis, MN) using a microplate reader measuring absorbance at 405 nm with wavelength correction set between 570 and 590 nm (Versmax, Molecular Devices, Menlo Park, CA).
Gene transfer with HVJ-liposomes-HVJ-liposome preparation. The preparation of the HVJ-liposomes has been described previously in detail (18) .
Delivery catheter. To facilitate direct gene transfer into the DA, a catheter was designed with a basket tip tailored to the size of the DA of a newborn lamb (Fig. 1) . The basket was made of nitinol tubing and consisted of four tubes with four laser-burned microperforations in each tube on the outer surface (Memry Corp., Bethel, CT) mounted on an abridged 4F right coronary catheter (Judkins type, Cordis, Miami, FL). The flexibility of the tubing allowed it to be compressed when introduced into a 5F guiding catheter (Zuma, Metronic AVE, Danvers, MA). The basket was opened in the pulmonary artery, with optimal expansion of the basket into the DA. The delivery basket was nonocclusive, thus flow through the DA was maintained during gene transfer.
Animal experiment. All experiments were performed under a protocol approved by the Animal Care Committee of The Hospital for Sick Children and in accordance with the guidelines of the American Physiologic Society. The newborn lambs were brought to the animal catheterization laboratory within the first 24 h of life and randomly assigned to receive gene transfer with PGE 2 (mean weight, 5 kg; range, 3.1-6.21 kg) (n ϭ 7) or as a control to receive gene transfer of CAT (mean weight, 4.7 kg; range, 3.5-5.25 kg) (n ϭ 6). Animals were intubated and ventilated. General anesthesia was maintained with oxygen (4 L/min), nitrous oxide (2 L/min), and halothane (0.75-1.00%): 500,000 IU of penicillin G were given intramuscularly at the beginning of the procedure as a precaution against infection. Percutaneous access to the femoral artery was achieved with a 6F Desilets-Hoffman introducer set (Cook Inc., Bloomington, IN). A guidewire (Terumo Glidewire, 0.035 in, Terumo Corp., Tokyo, Japan) was directed into the pulmonary artery via the patent DA under direct single-plane fluoroscopy. The guiding catheter was then placed in the DA and the wire removed. The custom-made delivery catheter, flushed with normal saline solution, was attached with a two-way stopcock and positioned in the DA, with the basket against the vessel wall. Then, 1.2 mL of the HVJ-liposome-DNA mixture was injected three times into the DA wall, while rotating the basket. Catheters and sheaths were removed, and the newborn lambs extubated and returned to the ewes after local bleeding was controlled.
After a 48-h recovery period, the lambs underwent color and pulsed Doppler echocardiographic studies to assess the patency status of the DA. These examinations were repeated every 2 d. The animals underwent a final study on d 7 or 9 after the procedure as determined by availability of staff, and were killed by an overdose of sodium pentobarbital (2.7 g/animal). At that time, the group that received gene transfer with PGE 2 had a mean weight of 7.7 kg (range, 4.7-9.4 kg), whereas the control group had a mean weight of 7.3 kg (range, 5.4 -8.3 kg) (p ϭ 0.28), reflecting a similar mean weight gain. Although the focus of these exams was on the flow through the DA, cardiac function, at least qualitatively, did not appear impaired.
Morphologic and biochemical analyses of DA tissue. The DA was rapidly excised, periadventitial fat removed, and the tissue divided into two rings, one for PGE 2 assay and the other for histologic analysis to verify patency. To assay PGE 2 production from the organ culture, one ring of DA tissue was kept on a collagen gel (6.4 mL Vitrogen, (Cohesion Technologies, Palo Alto, CA), 0.8 mL 10ϫ PBS, 0.8 mL 0.1 M NaOH) in 35-mm dishes containing 1 mL Medium 199 (Wisent Inc.) plus 10% fetal bovine serum and 1% antibiotics/ antimycotics at 37°C for 24 h. Another ring of DA tissue to be used for Western immunoblot detection of PGE 2 was snap frozen in liquid nitrogen and stored at Ϫ70°C. To confirm DA patency by histology, fixation with 10% formalin by perfusion at 70 mm Hg was carried out. The vessels were maintained under this pressure for 24 h and placed in fresh fixative overnight before embedding in paraffin. Five-micrometer tissue sections were stained by the hematoxylin-eosin method. The number of cells in the arterial media in three random visual fields using a Leica DC500 microscope (Leica Microsystems AG, Wetzlar, Germany) were counted at 40ϫ magnification.
Western immunoblot analysis. To assay PGE synthase by Western immunoblot, DA tissues were homogenized in 400 L potassium phosphate buffer (0.1 M, pH 7.4) and sucrose (0.25 M). The samples were frozen on dry ice and sonicated three times for 20 s (Polytron, Brinkmann Homogenizer Model PT 10/35, Kinematica, Basel, Switzerland). After centrifugation at 1,000 ϫ g for 10 min, 10,000 ϫ g for 15 min, and 170,000 ϫ g for 1 h at 4°C, the pellets were resuspended in 150 L of the potassium phosphate homogenization buffer and lyophilized to achieve a higher yield. Total protein concentration was determined (Bio-Rad, Hercules, CA). For Western immunoblot analyses, protein extracts (30 g) were boiled for 2 min and equally loaded on a 4 -20% Novex polyacrylamide gel (Invitrogen, Carlsbad, CA) and transferred to a nitrocellulose membrane (Bio-Rad) under nonreducing conditions. Blots were blocked overnight at 4°C in Tris-buffered saline (TBST) containing nonfat dry milk and Tween-20 (Fisher Biotech, Fair Lawn, NJ). After washing in TBST, incubation with the primary (anti-PGE synthase polyclonal antibody, Cayman Chemical, Ann Arbor, MI, dilution 1:350) for 60 min and with the 2°antibody (anti-rabbit, Amersham Pharmacia Biotech UK, Ltd., Little Chalfont, Buckinghamshire, UK, dilution 1:7500) for 45 min was carried out. The blots were washed again and developed using Renaissance chemiluminescence reagent (PerkinElmer Life Science, Boston, MA).
Statistical analysis. Data were analyzed by ANOVA followed by Duncan's test to determine which groups were different. A p value Ͻ0.05 was considered statistically significant. 
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RESULTS
PGE 2 expression-cell culture.
To test the production of functional PGE synthase, human aortic smooth muscle cells were transfected with a construct carrying the cDNA for human PGE synthase. Immunoassay established that the concentration of PGE 2 in the supernatant of the human aortic smooth muscle cells transfected with PGE synthase constructs was 2.3 times higher than in cells transfected with the control CAT constructs (p ϭ 0.0001) (Fig. 2A) .
Echocardiographic examination of the DA. Serial Doppler echocardiography, performed every second day until d 7 or 9 of life, revealed patency of the DA in all seven lambs in which the PGE synthase was delivered, whereas functional closure was documented by 48 h in each of the six control animals in which CAT was delivered (Fig. 3) . The narrowest diameter of the DA was 4.4 mm (range, 4.0 -4.9 mm) at the first exam and 3.6 mm (range, 2.9 -4.0 mm) at the end of the study period.
Necropsy examination of the DA. Formalin fixation of the DA (with a perfusion pressure of 70 mm Hg) confirmed patency without alterations in intimal cushions in the PGE synthase-transfected lambs, whereas the DA was closed in the control (CAT-transfected) group (Fig. 4, A and B) .
There was no significant difference in cell density in the media of DA from PGE synthase (87 ϩ 11 cells per field) and CAT control (82 ϩ 10 cells per field) transfected animals (p ϭ 0.2). PGE 2 expression-organ culture. To examine PGE 2 production, DA tissues were harvested 7 d after transfection with the PGE synthase or CAT constructs and placed in the organ culture for 24 h. The concentration of PGE 2 in the supernatant was three times higher than in the DA tissues from animals transfected with the control CAT construct (p ϭ 0.0001) (Fig.  2B) .
Western immunoblotting. To confirm the PGE synthase protein production in the transfected DA tissues, Western immunoblot was performed using anti PGE synthase antibodies. PGE synthase expression was only observed in the DA of PGE-synthase-transfected but not in the control CATtransfected animals (Fig. 5) .
Mild changes of increased respiratory rate were noticed in the PGE synthase-treated lambs but anticongestive treatment was not necessary. There were no overt manifestations of labored breathing, apnea, or feeding intolerance.
DISCUSSION
The results of our study show the efficacy of gene transfer of PGE synthase to maintain anatomical and histologic patency of the DA and the production of PGE 2 by the tissue. This represents the first successful gene transfer to maintain patency of the DA in the newborn animal and underscores the possibility 978 that local production of PGE 2 may obviate the morbidity and toxic systemic side effects associated with intravenous PGE therapy.
Previous studies by our group have shown the efficacy of gene therapy administered directly into the fetal lamb DA to inhibit the formation of intimal cushions and maintain patency of the DA in the early postnatal period (19) . Clinical application of that strategy has two drawbacks. First, the approach is invasive, and, second, it requires a fetal ultrasound diagnosis of a DA-dependent congenital heart lesion.
The management of a duct-dependent congenital heart lesion often requires infusion of PGE 2 to maintain ductal patency, with inherent side effects. These are particularly problematic with long-term use, in the infant in which heart transplantation seems the most viable surgical option. Limited patency of the DA achieved through local expression of prostaglandin might allow for the natural drop in pulmonary vascular resistance over time, stable arterial saturations and the possibility of reducing surgical procedures.
In our study, a clear difference in the expression of PGE 2 and PGE synthase between the two experimental groups was observed. However, one caveat should be considered in the interpretation of these results: cell viability might be different between the two groups because cell death frequently follows ductus closure in full-term lambs. Therefore, some of the observed differences in production of PGE 2 might be due to differences in cell viability between the two groups of 7-d-old ductus. Nevertheless, transfection of the PGE synthase was associated with a significant delay in ductus arteriosus closure after birth.
The feasibility of gene transfer requires the manufacture of a catheter optimally designed to deliver the gene locally without obstructing ductal flow. Different models of catheters have been used for local intravascular drug delivery (13,20 -22) : the Dispatch spiral balloon catheter, microporous catheters, the double balloon catheter, and hydrogel-coated catheters with passive diffusion as the mechanism of application. Needle or porous catheters operate for local drug delivery, through a mechanism of creating a pressure gradient by injection (16) . The custom-made catheter in this study was tailored to the size of the DA of a newborn lamb, and so allowed optimal contact with the vessel wall and delivery of the compound without obstructing blood flow to the DA. This is a prerequisite for use in children with duct-dependent congenital heart lesions. The average systolic arterial pressure in the newborn lamb is 58 mm Hg, compared with a systolic pulmonary artery pressure of 40 mm Hg (23) . This may have produced some spill-over of the HVJ-liposome-DNA mixture into the systemic circulation, but no side effects were detected.
Unfortunately, the application of "naked" DNA in vivo has a very low efficiency, and recombinant viruses are commonly used for gene transfer. These are viruses with some or all of the viral genes replaced by the relevant therapeutic gene. To date, the three most commonly used viruses for gene transfer are adenovirus, retrovirus, and adeno-associated virus. The advantage of high efficiency with these viruses is attenuated by significant immunologic and cytotoxic complications. The inflammatory responses induced by adenovirus particles can be intense and potentially fatal. In this regard, a recent insertional mutagenesis event was reported as a significant risk associated with retroviral-mediated gene transfer (24) .
To determine feasibility of our approach, we applied a method of gene transfer previously demonstrated by our group to be efficacious (19) . The encapsulation of DNA in lipid membranes fused with UV-inactivated HVJ improves its incorporation and cellular transport (14) . HVJ-liposomes are highly efficient vehicles for the introduction of oligonucleotides into cells as well as for the transfer of genes Ͻ100 kbp without damaging cells. However, the transient expression of genes delivered in this way and the lack of selectivity are still limitations to this approach (25) . It is of interest that a higher expression level of PGE 2 was observed in the tissues after transfection than in the cell culture studies. Newer modalities such as ultrasound may help in the delivery of genes to target vascular tissues (26) .
Several enzymatic pathways may contribute to PGE 2 metabolism, but their actions in the regulation of PGE 2 levels in vivo and their role in the events that lead to the remodeling of the DA after birth are unknown. Endogenous prostaglandins are synthesized from arachidonic acid by COX via the unstable prostaglandin intermediate PGH 2 , which, in turn, is converted into other prostaglandin species such as PGE 2 by the action of specific prostaglandin synthases. Two COX isoforms, COX-1 and COX-2, are found in both endothelial and smooth muscle cells of the DA, although there is dispute about the primary location for each (27, 28) . Among different mammalian species there are changes in expression of these enzymes in the preand postnatal periods (17, 29) . The HVJ-liposomes penetrate the media and intima of the DA, where circulating PGE 2 is produced (5, 30, 31) .
There is some uncertainty about the vasoconstrictive impact of ET-1 on the DA. Coceani et al. (2, 32) reported that oxygeninduced constriction depends on the synthesis and release of ET-1, whereas Fineman et al. (15) suggest that the substance has a minor role in closure of the DA at birth.
We performed no measures to exclude systemic and other toxicity-related effects of the gene therapy approach. This will, of course, be necessary before considering the safety as well as the efficacy of this approach in patients.
In conclusion, in the present study it was possible to maintain DA patency for up to 9 d before closure was becoming evident by turbulence on the color Doppler images. This may be related to diminishing production of PGE as well as to changes in the prostaglandin receptor profile (33) .
